Introduction
The genus Erythrina constitutes 115 species in the pea family ''Fabaceae" which are distributed worldwide in tropical and subtropical regions growing as trees, often recognized in agriculture for its bright red flowers as coral or flame trees [1] . Alkaloids and phenolics are among the most widely distributed constituents in these flowering trees mostly localized in stem bark [2, 3] , roots [4] and seeds [5, 6] . Erythrina alkaloids are tetracyclic spiroamines possessing an erythrinane skeleton. Over 90 Erythrina alkaloids have been isolated [7, 8] , often classified as dienoid or lactonic alkaloids. Interest in Erythrina alkaloids is mostly driven by its curare-like neuromuscular blocking effect. Moreover, Erythrina spp. possess a broadspectrum of physiological activities such as anti-plasmodial activity due to the flavonoids and isoflavonoids [9] , antioxidant and anti-inflammatory activities due to pterocarpans [10] and fungicidal activity associated with its alkaloidal content [11] .
Erythrina genus has been extensively examined in terms of its taxonomy and chemical composition. However, very little information is available concerning biotechnological attempts for natural products production within that genus. Garcia-Mateos et al., showed that an unexpected profile of oxygenated alkaloids was observed in undifferentiated callus of Erythrina Coralloides and Erythrina americana [12] . Furthermore, San Miguel-Chavez et al., showed that jasmonic acid elicited E. americana cell culture has led to reduction in alkaloid accumulation [13] . Among the most common and effective elicitors used for stimulating secondary metabolites production in plant cell culture are the carbohydrate fractions of fungal and plant cell walls, MeJA, chitosan and/or heavy metal salts. In particular, jasmonates have been long regarded as transducers of elicitor signals for the production of plant secondary metabolites. Application of elicitors results in the induction of signaling compounds, including jasmonic acid and or MeJA, as well as the downstream up regulation of secondary metabolites. In contrast to salicylic acid being an elicitor of limited secondary metabolite classes, jasmonates seem to be general natural products inducer via the activation and de novo biosynthesis of transcription factors that up regulate genes involved in secondary metabolites production [14] . For example, jasmonates induce the accumulation of terpenoids, flavonoids, alkaloids and phenylpropanoids [15] . The aim of this work was to examine MeJA elicitation effect on cell suspension culture of Erythrina lysistemon regarding the accumulation of alkaloids, flavonoids, pterocarpans and phenolic acids using an MS-based metabolomic approach.
Material and methods

Plant material
Seeds of E. lysistemon were collected in January 2012 from trees previously authenticated by Professor Nabil El Hadidi, College of Science, Cairo University, Egypt. Voucher specimens of the flowers and seeds are deposited at Faculty of Pharmacy, Alexandria University, Egypt.
Callus initiation
Seeds were surface sterilized in 20% sodium hypochlorite solution for 30 min, washed three times in sterile purified water and placed on agarized Murashige and Skoog (MS; Caisson, Smithfield, USA) germination medium (1962) and incubated under 12 h light period and a temperature of 23°C ± 1°C in a culture room [16] . Leaves were excised from 28 d-old seedlings. The leaves were then scored on their abaxial sides with a sterile scalpel blade and cut into 1 cm 2 pieces. Explants were cultured on 25 mL aliquots of MS supplemented with either 1 mg L À1 or 2 mg L À1 of each of kinetin (Kin; Acros, Geel, Belgium) and 2,4-dichlorophenoxyacetic acid (2,4D; Acros, Belgium) in addition to 30 g L À1 sucrose (El-Nasr, Alexandria, Egypt), and semi-solidified with 0.8% (w/v) agar (Roko, Llanera -Asturias, Spain), pH 5.6, in a 9 cm diameter Petri dishes. The explants were transferred onto fresh media, until callus was produced [16] .
Cell suspension culture initiation
Cell suspensions were established by transferring 1-2 g fresh wt. of callus and maintained in 100 mL MS liquid medium supplemented with same growth regulators, but no agar was added, pH 5.6 in 100 mL Erlenmeyer flasks. Cultures were maintained on a rotary shaker at 100 rpm and incubated under a 12 h photoperiod, with day and night temperatures of 23°C ± 1°C until the stock suspension was produced.
Elicitation
Aliquots of 2.5 mL packed cell volume (PCV) with 2.5 mL spent medium of the stock suspension were transferred to six 100 mL Erlenmeyer flasks, each containing 45 mL of fresh media and maintained under same conditions for two weeks. Methyl jasmonate (MeJA; Sigma Aldrich, Poole, UK) was then added into five flasks to produce a concentration 1 mM L À1 MeJA. The dose 1 mM L À1 MeJA was previously optimized to elicit secondary metabolic pathways in cell cultures [17, 18] . Furthermore, an increase in the concentration of MeJA resulted in retarded callus growth. The remaining flask was used as control by the addition of the same volume of sterile water. Cultures were kept at 23°C ± 1°C, with a 12 h photoperiod and maintained on a rotary shaker at 100 rpm. Cell culture samples were harvested at 0, 6, 12, 24 and 48 h post elicitation and kept at À80°C until being analyzed.
Extraction and UPLC-MS analysis of cell culture extracts
Metabolites extraction followed the protocol developed for similar metabolite classes [18, 19] . Briefly, lyophilized E. lysistemon cultures (20 ± 0.06 mg) were extracted with 1.8 mL aq.80% MeOH for 10 h using an orbital shaker in the dark. Extracts were centrifuged at 10,000g for 15 min and 1.4 mL of the supernatant was aliquot and evaporated under nitrogen till complete dryness. The dried residue was resuspended in 300 lL 45% aq. MeOH. For comparative analysis, the extracts were spiked with 2 lg umbelliferone as an internal standard (IS) and quantifications were determined from peak areas normalized based on the amount of recovered IS peak. The residue was re-suspended in 300 lL methanol and used for UPLC-MS analysis following the exact chromatographic conditions described by Farag et al. [20] .
Identification and quantification of metabolites and MS data multivariate analysis
File Converter tool in X-Calibur software was used to convert UPLC-MS files to NetCDF file format and then further processed by AMDIS software for background subtraction and peak deconvolution. Metabolite identification was done via UV-VIS spectra (220-600 nm), retention times relative to external standards, mass spectra, and comparison to both the reference literature and phytochemical dictionary of natural product database. Quantification of alkaloids was calculated from the calibration curve of erythraline, pterocarpans using medicarpin standard, and for oleanolic acid using that of oleanolic acid standard detected using MS detector. Standard calibration curves were constructed for each standard using 4 concentrations spanning from 0.1, 1, 10 and 200 lg/mL. Assays were carried out in triplicate.
MS data processing for multivariate analysis
Relative quantification and comparison of metabolites profiles after UPLC-MS were performed using XCMS data analysis software, which can be downloaded for free as an R package from the Metlin Metabolite Database (http://137.131.20. 83/download/) [21] .
Results and discussion
E. lysistemon cell culture metabolite profile
Callus was produced from cut ends of scored E. lysistemon explants after 3 weeks. Chemical constituents of callus extracts were analyzed via UPLC/PDA/(À)ESI-qTOF-MS that allowed for the elution of cinnamates, flavonoids, alkaloids and fatty acids within 13 min (ca. 800 s). The elution order of secondary metabolites followed a sequence of decreasing polarity, whereby cinnamates and alkaloids eluted first, followed by flavonoid glycosides, free aglycones, prenylated aglycones and finally triterpenes and fatty acids. Simultaneously acquired UPLC-PDA and UPLC-MS total ion chromatograms of E. lysistemon cell culture extracts in positive and negative ionization mode are presented in Fig. 1 . The identities, retention times, UV and MS spectral data observed for secondary metabolites are presented in Table 1 with a total of 53 identified metabolites. It is worth noting that this is the first comprehensive metabolite profile of E. lysistemon plant. Identified metabolites belonged to various classes (Table 1 , Suppl. Fig. 1 ) including phenolic acids (cinnamates) i.e. N-caffeoyl aspartic acid (2), alkaloids i.e. erysotrine (6), pterocarpans i.e. isoneorautenol (30), isoflavones i.e. lysisteisoflavone (44), triterpenes i.e. oleanolic acid (53) and fatty acid i.e. hydroxy-9,11-octadecadienoic acid (45), with isoflavones and pterocarpans as the most abundant classes in cell culture extract. The structures of major metabolites identified in E. lysistemon and discussed throughout the manuscript are shown in Suppl. Fig. 1 .
Flavonoids
Photodiode array detection provided an overview of the main flavonoid constituents (Fig. 1A) . UV spectra (200-600 nm) were measured for flavonoid sub-classes including 12 isoflavones, 3 flavones, 4 isoflavanones and 11 pterocarpans. Each sub-class exhibits a characteristic UV spectrum. For example, flavones have a maximum absorbance near 265 nm with a second maximum between 320 and 340 nm (peak 9), whereas pterocarpans have k max around 280-290 nm (42). Extracts were analyzed in positive and negative ion electrospray ionization (ESI) MS modes to provide a comprehensive overview of the metabolite composition. Compared to the positive-ion ESI mode (Fig. 1C) , negative-ion MS spectra (Fig. 1B) revealed better sensitivity than in positive mode, especially in the elution range of flavonoids (200-500 s). In addition, negativeion MS spectral characteristics showed strong [M À H] À ions and lower chemical noise and consequently better sensitivity [22] . The positive ion ESI mass spectra were characterized by cations corresponding to [ À peak 38) showed 2 mass fragments at m/z 368 and 299 indicative for 2 isoprenyl losses (À2 Â 69 amu). The abundance of isoprenylated pterocarpans in cell culture suggests for the presence of isoprenyl transferase enzyme with higher affinity toward pterocarpans. This is the first report for the accumulation of pterocarpans in E. lysistemon cell culture and suggests that it could provide a resource of that flavonoid subclass.
Alkaloids
With an increased sensitivity for detection of nitrogenous metabolites in positive mode, alkaloids could only be detected in that mode. Alkaloids that are known to predominate E. lysistemon plant extracts were almost absent in cell culture, except for few alkaloid peaks present at trace levels including erysotrine (m/z 314. 
Phenolic acid (cinnamates)
The most abundant nitrogenous compounds detected in cell culture were amino acyl hydroxycinnamic acid conjugates. A total of 5 peaks (2-5, 16) not previously reported in E. lysistemon plant tissue were identified in cell culture suggesting for an activation toward the production of acylcinnamates in cell culture. The predominant fragment of cinnamic acid derivatives in the MS n spectrum and characteristic UV max values at 298 and 325 nm are diagnostic for cinnamates; a total of 5 peaks showed similar UV (Table 1) . MS/MS analysis confirmed the structure of N-p-coumaroylaspartic acid (3) m/z 278 and N-feruloylaspartic acid (5) m/z 308 from their respective product ions at m/z 163 and 193 indicative of a p-coumaroyl and feruloyl moieties, respectively, whereas N-caffeoylaspartic acid (2) gave a [M-H] À at m/z 294 with product ions m/z 132 for the aspartic acid moiety.
Differences in metabolites composition observed in E. lysistemon callus from its native plant are likely to be the result of genetic variation and/or lack of differentiation [22, 23] . It is worth mentioning that there was no obvious qualitative or quantitative difference in the metabolite profile of the 2 different treatments of the calli (1 mg l À1 or 2 mg l À1 of Kinetin and 2,4D), results not shown.
PCA of E. lysistemon MeJA elicited and control suspension culture observed in negative ionization mode Cell culture was further subjected to MeJA treatment to determine its impact on reprogramming of secondary metabolites as revealed via UPLC-MS analysis. To assess for changes in metabolite composition in response to elicitation as monitored via UPLC-MS traces of the different callus samples harvested at 0, 12 and 2 h post MeJA elicitation (Suppl. Fig. 2 ), principal and UPLC-positive-ion ESI-MS chromatogram of E. lysistemon cell culture extracts (C). Chromatographic conditions are described under Material and methods. Insets 1 and 2 represent UV spectra of peak 9 (dihydroxyflavone hexoside) and peak 42 (sandwicensin, a pterocarpan), respectively. The identities, rt-value, UV and MS spectra of all peaks are listed in Table 1 . IS = spiked internal standard (umbelliferone). Chromatographic conditions followed that were described in [20] . (45) and suggestive for a suppression effect on pterocarpan biosynthetic branch in E. lysistemon cell culture. The induction of oleanolic acid is consistent with reports on MeJA up regulation of terpenoid biosynthetic pathways in planta [24] . MeJA induction of b-amyrin synthase gene associated with oleanolic acid (54) production was also previously reported in Gentiana straminea [25] .
PCA of E. lysistemon MeJA elicited and control suspension culture observed in positive ionization mode
To provide more overview on the effects of elicitation on E. lysistemon cell culture metabolome, samples were also analyzed in positive ionization MS condition. PCA score plots derived from MS peaks in positive ionization mode were comparable to those in negative mode concerning segregation of samples at 0 h from 12 and 24 h. The PCA model (Fig. 3A) explained 93% of the total variance in the first component, PC1, whereas the second principal component, PC2 presented 6% of the variance. Although comparable score plots in PCA were derived from both data sets, loading plots revealed a slightly different set of metabolites contributing for sample clustering. As revealed in Fig. 3B , the major group that stood out in this plot corresponded to MS signals for dimethoxyisoflavone (43), isoneorautenol (30) and an unknown pterocarpan found more enriched in unelicited cell culture samples harvested at 0 h. In contrast, negative loading plot results along PC1 revealed that the triterpene glycoside ''oleanolic acid tri-hexoside" (26) and an unknown sterol (49) (Fig. 3B ) levels were higher in the MeJA treated samples and accounting for its segregation at 12 h and 24 h from 0 h time point. The enrichment of the major pterocarpan ''isoneorautenol" (30) in the untreated control cell culture samples (Fig. 3B ) concurs results derived from negative ionization mode and highlighting the negative impact of MeJA on pterocarpans biosynthetic branch. The decrease in pterocarpan levels in response to MeJA treatment is contrary to previous reports in Medicago truncatula cell culture [17] and lupines [26] , suggesting that a differential response to MeJA exists in various legume species. This is the first report of MeJA differential effect on terpenoid accumulation versus pterocarpans in E. lysistemon cell culture (Fig. 4) 
